Background: Previous studies have demonstrated that ingestion of arsenic in drinking water is a strong risk factor for several forms of cancer, including bladder cancer. It is not known whether arsenic-related cancers are genetically similar to cancers in unexposed individuals or what mechanisms of carcinogenesis may underlie their formation. This study was designed to compare chromosomal alterations in bladder cancers of arsenic-exposed individuals to provide insight into the mechanism of how arsenic may induce or promote cancer. Methods: A case-case study was conducted in Argentina and Chile examining chromosomal alterations in bladder tumor DNA in 123 patients who had been exposed to arsenic in their drinking water. Patients were placed into one of four arsenic exposure categories according to their average 5-year peak arsenic exposure. Patients were also classified as ever smokers or never smokers. Comparative genomic hybridization was used to identify chromosomal alterations throughout the genome. All statistical tests were two-sided. Results: The total number of chromosomal alterations was higher in individuals exposed to higher arsenic levels (5.7 ± 5.1, 5.6 ± 5.1, 7.3 ± 7.4, and 9.1 ± 6.5 [mean ± standard deviation] chromosomal alterations per tumor with increasing arsenic exposure; P trend = .02, adjusted for stage and grade). The trend was stronger in high-grade (G2-G3) tumors (6.3 ± 5.5, 8.3 ± 4.7, 10.3 ± 7.8, and 10.5 ± 6.4 alterations per tumor; P trend = .01) than it was in low-grade (G1) tumors (3.5 ± 3.1, 1.1 ± 1.1, 2.5 ± 2.5, and 3.6 ± 3.2 alterations per tumor; P trend = .79). The mean number of chromosomal alterations also increased with tumor stage and grade (P trend <.001) independently of arsenic exposure but was not associated with smoking history. Deletion of part or all of chromosome 17p (P trend <.001) showed the strongest association with arsenic exposure. Conclusions: Bladder tumors in patients with higher levels of arsenic exposure showed higher levels of chromosomal instability. Most of the chromosomal alterations associated with arsenic exposure were also associated with tumor stage and grade, raising the possibility that bladder tumors from arsenic-exposed patients may behave more aggressively than tumors from unexposed patients. [J Natl Cancer Inst 2002;94:1688-96]
Exposure to arsenic is considered a major public health concern, particularly because of its clear carcinogenic potential (1, 2) . However, the molecular mechanism by which and the dose at which it causes cancer are still unclear.
Humans are environmentally exposed to arsenic primarily through drinking water, with chronic exposure being an established cause of dermatologic effects and skin cancer (1) . However, epidemiologic evidence from the Blackfoot endemic region of Taiwan suggests that arsenic exposure causes internal cancers that are more fatal than skin cancers, including those of the bladder, kidney, liver, and lung (3) (4) (5) (6) (7) . The cancer for which long-term arsenic exposure produces the greatest risk is bladder cancer: estimated mortality risk ratios in the most highly arsenicexposed population (i.e., with drinking water containing arsenic concentrations >600 g/L with a weighted average of 800 g/L) were 28.7 for men and 65.4 for women (5, 8) . Studies in South American populations have found increased relative risks for bladder cancer in areas with high arsenic concentrations in drinking water. For example, in Northern Chile, 400 000 people were exposed to approximately 600 g/L of naturally occurring arsenic in drinking water from 1955 through 1969 (9) . Bladder cancer mortality was markedly elevated in this population, with standardized mortality ratios (SMRs) of 6.0 (95% confidence interval [CI] ‫ס‬ 4.5 to 7.4) for men and 8.2 (95% CI ‫ס‬ 6.3 to 10.5) for women. An ecologic study conducted in Argentina also detected increased bladder cancer mortality in arsenic-exposed individuals (10) . Bladder cancer relative risks in the highest arsenic-exposed areas were 2.1 (95% CI ‫ס‬ 1.8 to 2.5) for men and 1.8 (95% CI ‫ס‬ 1.2 to 2.6) for women.
The molecular mechanism by which arsenic promotes cancer is not yet known, nor is the dose at which it causes cancer. Studies comparing genetic alterations in tumors from arsenicexposed and unexposed individuals may provide insight into the mechanism(s) of arsenic-induced cancers. One technique, comparative genomic hybridization (CGH), can be used to identify genetic alterations throughout the genome. CGH allows assessment of alterations in the relative copy number of DNA sequences, which are detected by simultaneously hybridizing tumor DNA extracted from clinical tumor samples and normal tissue or lymphocyte DNA onto normal metaphase spreads. Unlike some other methods of genetic analysis of tumors, CGH can be performed with tumor DNA extracted from archival paraffin blocks. CGH can be used as a tool to locate possible regions of genetic imbalance in tumor cells, which can then be analyzed at higher resolution by using techniques such as allelotype analysis or CGH microarrays.
In this article, we present findings from a case-case study comparing genetic changes in bladder tumors from individuals exposed to high and low levels of arsenic in Argentina and Chile. DNA in tumors from bladder cancer patients exposed to a range of arsenic concentrations in their drinking water were compared to identify chromosomal copy number changes associated with arsenic exposure. In addition to arsenic exposure, patients were also stratified by tumor stage, tumor grade, sex, and smoking history to determine associations of these possible confounders with the frequencies and types of chromosomal alterations observed.
SUBJECTS AND METHODS

Patient Selection and Interviews
These studies were reviewed and approved by the University of California, Berkeley, Committee for Protection of Human Subjects, and written informed consent was obtained from each subject. The study included all 94 patients who were newly diagnosed with transitional cell carcinoma (TCC) of the bladder between 1996 and 2000 who resided in Union County in the Province of Cordoba, Argentina (population 95 220; 1991 census). This county was selected because high bladder cancer mortality relative risks were previously seen there, and a wide range of arsenic levels were known to exist in the drinking water (range ‫ס‬ 40-533 g/L) (10) . Bladder cancer patients were identified by urologists and pathologists. Patients were interviewed in their homes about their lifetime residential history, current and past drinking water consumption, smoking history, and occupational history. All bladder cancer tumors were verified to be transitional cell carcinomas (TCC) by histologic review (O. A. Rey, V. Bhargava).
The study also included 29 patients with TCC who were ascertained from a hospital-based case-control study previously conducted in regions I, II, and III of Northern Chile that included individuals exposed to very high concentrations (>500 g/L) of arsenic in their drinking water. Selection of Chilean bladder cancer case patients has been described elsewhere (11) . Briefly, nurses identified bladder cancer patients in the public hospitals between November 1994 and July 1996. TCC had to be confirmed by biopsy, and the patients' first diagnosis had to have occurred either during or no more than 1 year before their current hospital admission. The majority of Chilean patients (70%) were interviewed while still in the hospital. The remaining 30% of patients were visited and interviewed in their homes after discharge. Information about the patient's lifetime residential history, current and past drinking water consumption, smoking history, and occupational history was collected at the time of interview.
Arsenic Exposure Assessment
Arsenic exposure for each individual was determined by measuring arsenic concentrations in the drinking water at their current and previous residences. Subjects from Argentina drank water from various sources, including public water supplies, private wells, bottled sources, and aljibes (a type of underground storage installation in which rain water is collected and stored). To calculate arsenic concentrations in public water supplies, arsenic measurements in drinking water were collected from public records dated from 1960 through 2001. Information on the exact location of each private well was collected from each patient at the time of interview. If a well was closed or could not be located, a proxy measurement of arsenic concentration was determined from the water obtained from the nearest well of similar depth. Water samples were frozen in 50-mL aliquots and brought to the University of Washington, Seattle, where arsenic was measured by hydride generation according to previously published methods (12) . Bottled and aljibe water were considered free of arsenic contamination. Unlike well water, aljibe water consists of rainwater and, in general, is not contaminated with arsenic, although it could be contaminated if the aljibe wall was cracked and contaminated ground water entered and mixed with the rain water. To ensure that external contamination was not a problem, water from many aljibes was tested for arsenic, and arsenic contamination was not found. The same test was performed on several types of bottled waters, and they also were found free of arsenic contamination.
In Chile, almost 100% of urban households are served by public water supplies and, overall, the large majority of the Chilean population receives water from either town or city supplies. Since 1950, water supply companies have measured the concentration of arsenic in drinking water at least once per year and more frequently after 1970. In this study, we collected data on arsenic concentrations from 1950 through 1994. Concentrations in earlier years, between 1930 and 1950, were estimated based on measurements from 1950.
All 123 patients were grouped into one of four arsenic exposure categories based on the average of the 5 years of highest arsenic exposure in their drinking water. This value was calculated using residential histories and the concentration of arsenic at each location of residence occurring between 6 and 40 years ago. Categories 1-4 consisted of tumors from patients whose average 5-year peak arsenic concentration in their drinking water was as follows: category 1, between 0 and <10 g/L per year (n ‫ס‬ 45; this category included patients from both Chile and Argentina); category 2, 10-99 g/L per year (n ‫ס‬ 24); category 3, 100-299 g/L per year (n ‫ס‬ 29); and category 4, ജ300 g/L per year (n ‫ס‬ 25). Most of those patients in the highest exposure category were from region II of Chile. The cut points for these arsenic exposure categories were chosen because category 1 is the arsenic concentration in water (<10 g/L) that the U.S. Environmental Protection Agency has set as its standard, and category 2 is the arsenic concentration in water (10-99 g/L) that individuals who reside in the United States are currently exposed to. Categories 3 and 4 were chosen to ensure a similar number of patients in all categories.
Tumor Samples and Tissue Selection
One hematoxylin and eosin (H&E)-stained slide of each tumor section was used to confirm the grade (G1-G3) of each tumor using World Health Organization (WHO) guidelines (13) . The tumor stage described in the pathology report was used for Argentinean patients, because usually only one representative tumor block was available for each patient. In Chile, all existing tumor blocks were collected for each patient, and newly cut H&E-stained sections from all blocks were reviewed to confirm stage. Stage and grading of tumors was in accordance with WHO guidelines (14) . Medical records were not available for Chilean patients.
To obtain DNA for CGH analyses, tumor sections were microdissected to increase the concentration of tumor cells in the tissue sample to be extracted. Paraffin-embedded tumor sections (5 m) were placed on glass slides for microdissection. Using an adjacent H&E-stained slide of the same tumor for orientation, one or two 5-m deparaffinized, methyl green (0.1%)-stained tumor sections were microdissected, as described previously (15) . Methyl green stain was used to better visualize the tumor tissue on the slide and to compare it to the adjacent H&E-stained slide from the same tumor. An area of the tumor containing a minimal amount of contamination with normal cells was selected. Areas containing necrotic tissue and/or cautery artifact were avoided. When multiple tumor pieces were available, the largest piece containing the most pure tumor cell population was selected as representative of the primary lesion. The minimum size needed for CGH analysis was 0.3 mm 2 , or approximately 500 cells. The microdissected sections of tumor were then placed in microcentrifuge tubes with a volume of tissue extraction buffer containing 1× polymerase chain reaction buffer (10 mM Tris, 1.5 mM MgCl 2 , 50 mM KCl), 0.5% Tween 20, and 0.4 mg/mL proteinase K. The volume of tissue extraction buffer was adjusted to contain approximately 500-1000 cells per 15 L. DNA was isolated from the cells, and whole genome amplification was conducted as described previously (15, 16) .
CGH
CGH was performed as described previously (15-21).
Briefly, for each experiment, one negative control hybridization was performed. This hybridization compared normal DNA to normal DNA labeled with different fluorochromes. A positive control hybridization comparing human breast cancer cell line (MPE) DNA to normal lymphocyte DNA was also performed. The MPE DNA sample contained several chromosomal alterations and high-level alterations that should be observed if probe labeling, the CGH hybridization, and image analysis steps were conducted under optimal conditions. Details of the probe labeling and CGH hybridization have been described previously (15) (16) (17) (18) (19) (20) (21) and can also be obtained from the Waldman Laboratory Web site (http://cc.ucsf.edu/people/waldman/Protocols/pcrmicrocgh. html).
Successful hybridization was demonstrated by good intensity signals, that is, with smooth, homogeneous staining over the entire metaphase spread. At least five metaphase spreads were examined for each tumor sample and each negative and positive control. DNA was detected using fluorescence microscopy methods previously described (15) (16) (17) (18) . Tumor-to-normal lymphocyte DNA (reference) fluorescence intensity ratios were calculated along chromosomal arms from each metaphase spread, and their ratios were compared. If the DNA copy numbers in both the tumor and reference samples are equal, the tumor-toreference fluorescence ratios will be the same, i.e., 1.0. The fluorescence ratio for all chromosomes in the negative control hybridization was expected to be 1.0, with small standard deviations (SDs). If tumor DNA is gained, the tumor fluorescence intensity would be greater than the reference intensity, and the ratio of tumor-to-reference fluorescence intensity would be greater than 1.0. Conversely, if tumor DNA is lost, the fluorescence intensity ratio would be less than 1.0. The fluorescence ratios computed for each chromosome in the positive control sample hybridization were examined to ensure that the known genetic alterations could be observed with the desired intensity.
In this study, gains and losses of tumor DNA were considered substantially different from normal DNA copy number if the mean and SD from the average of more than five metaphase images were more than 1.2 or less than 0.85 (i.e., the SD lines of the ratio also had to be more than 1.2 or less than 0.85). These values were defined based on experiments analyzing the hybridization of normal DNA versus normal DNA-each labeled with a different fluorochrome. Each cut point is three SDs greater than or less than the mean fluorescence ratios observed from such experiments and is based on a logarithmic scale. High-level amplifications were defined as gains of tumor DNA copy number with both a mean fluorescence intensity ratio and an SD above 1.5.
After one hybridization experiment was performed per sample, a separate hybridization experiment was conducted using the same normal and tumor DNA pair; however, this time the fluorochromes used to prepare each tumor and normal DNA probe were reversed. After analyzing the results from each hybridization independently, the results from both the CGH hybridizations performed with each sample were compared to determine the final number of alterations (gains and losses) observed in that sample. Each genetic alteration had to be present in both hybridizations to be considered as a gain or a loss. Interpretations of chromosomal alterations at 1 terminal portion of the p arm (pter), 19 pter, and 22 pter (and 4 pter and 13 pter in the opposite direction) were interpreted with caution because artifactual gains and losses on these chromosomal areas are sometimes observed at these loci. If alterations were observed at these loci, the negative and positive control samples were examined to determine if the same patterns of alterations were observed. If the alteration was present in the negative and positive control hybridizations performed for that experiment, alterations at these loci were ignored. If the alteration was not present in the negative and positive control hybridizations, each alteration was subject to the previously described scoring criteria if considered substantial.
Statistical Analysis
The overall mean number of chromosomal alterations in tumors from each arsenic exposure category was compared to that in the category with the lowest exposure (category 1), as was the number of chromosomal gains and losses per tumor. In addition to arsenic exposure, patient categories were stratified by tumor stage, tumor grade, sex, and smoking history (i.e., ever smokers versus never smokers). Changes were considered high frequency if they were present in at least 20% of all tumors (combined). Chi-square ( 2 ) tests were applied to contingency (2 × 2) table analyses and were used to test for differences in alteration prevalence among sex and among smoking history categories. Each dependent variable (chromosomal gains or losses) was measured as a dichotomous variable (i.e., yes or no) per chromosome arm. More than one gain (or loss) per arm was scored as one event.
Because the chromosomal gains and losses were not simple counts reflecting the actual number of changes per chromosome arm, findings were treated as ordered data rather than as counts. Therefore, ordered logistic regression analysis was used to test for trend of chromosomal alterations within tumor stage, tumor grade, and arsenic exposure categories before and after adjusting for stage and grade. Comparison of regression models with and without interaction (i.e., smoking history and arsenic exposure) was conducted with a likelihood ratio test. All analyses were conducted using STATA 6.0 software (Stata Corporation, College Station, TX). All statistical tests were two-sided.
RESULTS
Clinical Variables and Chromosomal Alterations in Bladder Tumors
The distributions of tumors in patients from Argentina and Chile by tumor stage, tumor grade, and smoking history are shown in Table 1 . There were more male patients in the Argentinean group than in the Chilean group (90% versus 66%, respectively), and a higher proportion of patients from Argentina were ever smokers than that of patients from Chile (80% versus 66%, respectively).
The mean number of chromosomal alterations per tumor was assessed using CGH to determine genome copy number alterations per chromosome arm. On average, there was a mean of 6.8 ± 6.1 alterations (defined as having a mean fluorescence ratio from all metaphase images collected and an SD above 1.2 or below 0.85) per tumor (range ‫ס‬ 0-27 changes per tumor) ( Table 2) . Among these changes, there was an average of 3.1 ± 3.3 gains per tumor (range ‫ס‬ 0-15), 3.7 ± 3.2 losses per tumor (range ‫ס‬ 0-12), and 0.2 ± 0.7 high-level amplifications per tumor (range ‫ס‬ 0-4) (data not shown). The most frequent chromosome arm gains (those found in 20% or more of tumors) were located on chromosomes 1q (25%), 5p (22%), 8q (29%), 17q (21%), and 20q (22%). The most frequent chromosome arm losses (those found in 20% or more of tumors) were located on chromosomes 5q (24%), 8p (33%), 9p (35%), 9q (46%), 11p (25%), and 17p (24%) (data not shown). Specific chromosomal alterations for each individual patient are available online as supplemental data (available at http://jncicancerspectrum. oupjournals.org/jnci/content/vol94/issue22/index.shtml). The mean number of chromosomal alterations, gains, and losses increased with both tumor grade and tumor stage (P<.001) ( Table  2 ). The mean number of chromosomal alterations per tumor did not differ by patients' sex or smoking history ( Table 2) .
Effect of Arsenic Exposure on Chromosomal Alterations
The mean number of chromosomal alterations per tumor increased with increasing 5-year peak average arsenic exposure (5.7 ± 5.1 for category 1; 5.6 ± 5.1 for category 2; 7.3 ± 7.4 for category 3, and 9.1 ± 6.5 for category 4; P trend ‫ס‬ .03; Table 3 ). Stronger trends were observed after adjusting for tumor stage and grade. The association between chromosomal alterations, tumor grade, tumor stage, and arsenic exposure are presented in Table 4 . The mean number of chromosomal alterations increased among arsenic exposure categories in G2 and G3 tumors (all stages) but not in G1 tumors (all stages). In exposure category 1, G2-G3 tumors (all stages) contained 6.3 ± 5.5 alterations per tumor, whereas G2-G3 tumors in category 4 (highest exposure) contained 10.5 ± 6.4 alterations per tumor, a 1.7-fold difference (P trend ‫ס‬ .01). This difference by arsenic exposure category was most dramatic in Ta/G2-G3 tumors. Exposure category 1 Ta/G2-G3 tumors contained only 3.6 ± 3.5 alterations per tumor, whereas exposure category 4 Ta/G2-G3 tumors contained 13.3 ± 11.0 alterations per tumor, a 3.7-fold difference (P trend ‫ס‬ .07). By contrast, G1 tumors of any stage showed little difference in alterations by arsenic exposure. We also examined the relationship between number of chromosomal alterations and arsenic exposure after stratification by smoking history to determine if there was evidence of an interaction between these two bladder carcinogens (Table 5 ). In the 94 ever smokers, the average total number of chromosomal alterations increased statistically significantly with increasing arsenic exposure after adjusting for tumor stage and grade (P trend ‫ס‬ .03). In never smokers, there was a similar trend; however, the difference in the number of chromosomal losses was not statistically significant, possibly because of the small number of bladder cancer patients who never smoked (n ‫ס‬ 29).
Comparison of the results from regression model analyses conducted with and without interaction (smoking history and arsenic exposure) was conducted using a likelihood ratio test. Ever smoking and arsenic exposure combined did not cause an increase in the total number of chromosomal alterations, gains, or losses than arsenic exposure alone (data not shown).
Specific Chromosomal Alterations
Specific types of high-frequency chromosomal alterations (restricted to changes seen in ജ20% of tumors in at least one of the comparison groups) were tested for association with tumor stage, tumor grade, and smoking history ( Table 6 ). Because of the large number of comparisons, the results for tests of trend with P values greater than .001 should be interpreted with caution. Except for losses on chromosomes 5q and Y, the alterations associated with tumor stage were a subset of the changes that were also associated with tumor grade. Two of three specific chromosomal alterations associated with ever smoking were also associated with tumor stage and grade (except the loss of chromosome 9q). Interestingly, chromosome 9q loss was found more frequently in the 29 never smokers than in the 94 ever smokers (62% versus 42%, respectively; P ‫ס‬ .05) (data not shown).
P values for tests of trend of high-frequency chromosomal alterations associated with arsenic exposure are also shown in Table 6 . Chromosomes 3q and 11q gains were seen at higher frequencies with increasing arsenic exposure (P trend ‫ס‬ .03, adjusted for tumor stage and tumor grade, for both chromosomes). Regions of loss that increased in frequency with exposure were located on chromosome 8p (P trend ‫ס‬ .05), 17p (P trend <.001), and 9q (P trend ‫ס‬ .03) (all adjusted for tumor stage and grade). The specific chromosomal changes associated with increasing arsenic exposure were similar to those associated with tumor stage and/or grade except 9q loss, which was negatively associated with smoking history.
DISCUSSION
In this study, CGH was used to characterize chromosomal alterations in bladder tumors from patients exposed to arsenic and tobacco smoke. We found that the total number of chromosomal alterations was higher in people exposed to higher levels of arsenic in their drinking water. This finding raises the possibility that bladder tumors from patients who have been exposed to high levels of arsenic (>300-600 g/L) are less genetically stable than tumors from patients exposed to low levels of arsenic (<10 g/L) in their drinking water. The trend was stronger in G2-G3 tumors than in G1 tumors. The mean number of alterations also increased with tumor stage and tumor grade independently of arsenic exposure but was not associated with smoking history.
CGH has been used previously to characterize carcinomas of the bladder in European (21, 22) and American (23) cohorts and bladder cancers associated with schistosome infection (24) . Earlier studies of the use of CGH in characterizing chromosomal alterations in bladder cancer did not consider the role of environmental exposures in their analyses, nor did they attempt to deal with possible confounding factors other than descriptively, with tumor stage and grade. In this study, by contrast, we obtained detailed lifestyle information so that we could determine whether tumors from patients exposed to one or both of two known bladder carcinogens, arsenic and tobacco smoke, differed in either the number or type of chromosomal alterations as assessed by CGH. The mean number of alterations found in previous studies of high-stage (T2-4) bladder cancer (8-11 alterations per tumor) (21,22,25) is similar to the number of alterations found in our study, 6.8 ± 6.1 alterations per tumor (range ‫ס‬ 0-27). Moreover, the types of chromosomal alterations found in previous studies (21) (22) (23) (24) (25) (26) (27) (28) are also similar to those that we found. For example, frequently reported chromosomal gains described in the above studies are found on chromosomes 7p, 8q, and 11q, and chromosome losses are frequently observed on chromosomes 8 and 9.
The current study demonstrates that the number of chromosomal alterations in bladder cancer increased with increasing arsenic exposure. This trend remained after stratification by smoking history and was not stronger in ever smokers than it was in never smokers. Among individuals with high-grade tumors (G2-G3), those who had been exposed to high levels (>300-600 g/L) of arsenic in their lifetime had more chromosomal alterations than those exposed to low levels (<10 g/L). This effect was most pronounced in high-grade superficial (Ta/G2-G3) tumors, with chromosomal alterations of 3.6 ± 3.5 per tumor in exposure category 1 and 13.3 ± 11.0 alterations per tumor in exposure category 4 (P trend ‫ס‬ .07).
The number of alterations that we found in the high-arsenic exposure category of tumors was much greater than that found in a previous CGH study of noninvasive (Ta) bladder tumors. Zhao et al. (29) found an average of 1.9 ± 2.0 alterations per tumor in Ta/G1, 3.1 ± 2.9 alterations per tumor in Ta/G2, and 7.7 ± 4.5 alterations per tumor in Ta/G3 tumors. In our study, highexposure Ta/G2-G3 tumors had at least twice as many alterations per tumor as the number of alterations reported for Ta/G2-G3 tumors previously (29) . To explain this excess of chromosomal alterations in patients exposed to arsenic in our study, we hypothesize that the increasing overall number of chromosomal alterations observed with increasing arsenic exposure reflects the genetic instability caused by exposure. Such instability may contribute an aggressive component to these tumors from arsenic-exposed individuals, because the majority of chromosomal alterations associated with arsenic exposure are also associated with the stage (depth of invasion) and grade (tumor cell differentiation) of these tumors.
Future studies should focus on the prognosis or outcome of arsenic-exposed and unexposed bladder cancer patients to determine if mortality is greater in exposed patients and/or if tumors in arsenic-exposed patients behave more aggressively than tumors in unexposed patients. The effect of arsenic exposure on bladder cancer incidence in the general population is not yet known; however, a recent study in Taiwan (7), using the arsenic concentration in well water and duration of drinking well water as an index of exposure, reported increased bladder cancer incidence with exposures as low as 10.1-50.0 g/L.
Chromosomal alterations that were the most strongly associated with arsenic exposure were gains on chromosomes 3q and 11q and losses on chromosomes 8p, 17p, and 9q. Gains on 3q were also associated with tumor stage and grade. The association of arsenic exposure with gains on 11q is interesting, because chromosome locus 11q13 is the site of cyclin D1 and INT2 genes and has been commonly reported as being amplified in bladder cancer (30, 31) . We found chromosomal gains near that particular locus (i.e., 11q13). We also found that 11q gains were associated with tumor grade and stage. Higher resolution analysis of chromosome regions, such as by CGH microarray or fluorescence in situ hybridization, would be necessary to demonstrate gene-specific alterations.
In this study, deletion of part or all of chromosome 9q was increased in tumors from patients exposed to high levels of arsenic compared with tumors from patients exposed to low levels of arsenic. Moreover, a positive trend of 9q loss was associated with increasing arsenic exposure. Chromosome 9 is frequently lost in bladder cancer, suggesting that a bladder cancer suppressor gene may be found on this chromosome. Although the bladder cancer-associated gene on the q arm of chromosome 9 is still not known, a number of candidate genes exist, such as the putative tumor suppressor gene (PTCH) located at 9q22. Identification of tumor suppressor genes on chromosome 9 is difficult because high proportions of bladder tumors have lost all of chromosome 9, leaving few cases with enough genetic material for an informative study (32, 33) . In our study, 9q losses were not associated with tumor stage or grade and were inversely associated with smoking history, possibly because these changes are acquired early in most bladder cancer tumors and may not be specific to tumors from arsenic-exposed patients (34) .
The strongest trends were observed when comparing tumors from patients exposed to high levels of arsenic (>300-600 g/L) with those from patients exposed to low levels of arsenic (<10 g/L), involving deletion of part or all of chromosome arm 17p (P trend <.001). This finding suggests that 17p loss may play a role in arsenic-induced bladder tumorigenesis. Moreover, 17p loss was associated only with arsenic exposure and tumor grade and not with stage or smoking history. The most likely candidate gene target associated with 17p loss or deletion is p53. For example, one small study of bladder tumors suggested that arsenic exposure might be related to a mutational hotspot at codon 175 of p53 (35) . However, studies (36) of skin tissue from patients with arsenic-related Bowen's disease found no detectable p53 mutations such as those found in UV-related skin cancers. Other studies (37, 38) have suggested that more than one relevant tumor suppressor gene may be present on the p arm of chromosome 17.
Although this study demonstrates that tumors from arsenicexposed patients are less genetically stable than those from unexposed patients, the mechanism of this instability is still unknown. Mechanisms that may play a role in this genetic instability include interaction between arsenic and proteins involved in cell cycle pathways, such as p53, as previously described; inhibition of DNA repair enzymes that mediate the genotoxic and mutagenic effects of arsenic and other chemicals; and aberrant DNA methylation. Li and Rossman (39) and LeeChen et al. (40) have shown that sodium arsenite inhibited the activity of DNA ligase I and II. Other studies have shown that arsenic alters the types of mutations observed after exposure to UV radiation (41, 42) . This finding suggests that arsenic may interfere with early or late steps in DNA repair. Arsenic has also been shown to increase activities of DNA polymerase beta, O 6 -methylguanine-DNA methyltransferase, and DNA ligase I, II, and III at various doses and in different cell models (43) . Moreover, arsenic is chemically reactive and binds to sulfhydryl groups in proteins (3) . Arsenic has been shown to block DNA binding at the glucocorticoid receptor through interactions with the DNA-binding domain of proteins (44) . Finally, many DNA repair enzymes contain vicinal dithiols, such as UV radiation resistance-associated (UVRA) protein (45) , poly adenosine diphosphate-ribose protein (PARP) (46, 47) , post replication repair protein 18p (RAD-18) (48), and xeroderma pigmentosum complementation group A protein-I (XPAC) (49) , which could make them susceptible to inhibition by arsenic.
Methylation changes of genes or their control regions could result in altered gene expression and carcinogenesis (50, 51) . Recently, Mass and Wang (52) demonstrated that exposure of human lung adenocarcinoma A549 cells to sodium arsenite produced dose-responsive hypermethylation within a 341-base-pair fragment of the p53 promoter, which decreases its transcriptional activity.
Another a priori hypothesis of this study was that arsenic may cause an increase in gene amplifications in tumors from arsenic-exposed individuals. Lee et al. (53) have shown that arsenic caused amplification of the dihydrofolate reductase gene in vitro. The results of our study, however, do not support this hypothesis, because high-level gene amplifications were rare overall and occurred at similar frequencies in tumors from arsenic-exposed and unexposed patients. Our study showed that bladder tumors from patients who have been exposed to arsenic had more chromosomal changes and, thus, were less genetically stable than those from patients who were not exposed to arsenic. In vivo and in vitro studies of rodents and humans have reported various forms of chromosomal alterations, including the induction of micronuclei (2, (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) . Arsenic-induced chromosomal alterations have also been demonstrated in vivo and in vitro in human lymphocytes and in exfoliated bladder cells from exposed individuals (59) (60) (61) (62) (63) .
Bladder cancer is also associated with smoking (64). However, when we compared the frequency and types of chromosomal alterations in bladder tumors from ever smokers versus never smokers by CGH, no difference in the frequency of chromosome arm alterations in bladder tumors was observed; however, there were differences in the specific locations of changes within the genome. These differences included gains on chromosome arm 8q and losses on chromosome arms 8p and 9q in ever smokers. Additional chromosomal alterations may have occurred that cannot be detected with CGH because tobacco smoke, a complex mixture of carcinogens, could cause smaller genetic changes in urothelial cell DNA. Such small alterations could be detected only with more sensitive methods, such as loss of heterozygosity (LOH) or CGH microarrays. It is noteworthy that only chromosome 9q loss was more frequent in never smokers than it was in ever smokers. These findings are in contrast to a recent LOH analysis of bladder tumor DNA by Zhang et al. (65) , which suggested that regional chromosome 9 loss may be involved in smoking-related bladder carcinogenesis. The differences between our findings and those of Zhang et al. may reflect the lower sensitivity of CGH to detect small genetic alterations compared with those that can be identified with LOH.
In conclusion, we have shown that increasing arsenic exposure is associated with increases in both the frequency and specific types of genetic alterations in bladder tumors. Although the exact molecular mechanism of the carcinogenicity of arsenic is not yet known, we hypothesize that arsenic may cause increased genetic instability in bladder tumors, possibly by deregulating cell cycle control pathways via epigenetic mechanisms or by reducing the ability of the cell to respond properly to or to repair DNA damage. Both mechanisms could enhance the rate of bladder cancer development, chromosomal alterations, and tumor progression. Furthermore, most of the specific chromosomal alterations that were associated with increasing arsenic exposure in our study were also associated with tumor stage and tumor grade, suggesting that bladder tumors from arsenic-exposed individuals may behave more aggressively and may result in increased mortality.
